Nigeria, being the world's largest importer of diesel-powered gen-sets, is expected to invest in bio-fuels in the future. Hence, it is important to examine the thermal properties and synergy of wastes for potential downstream resource utilization. In this study, thermal conversion as a route to reduce the exploding volume of wastes from sachet-water plastic (SWP) and oil palm empty fruit bunch (OPEFB) biomass was studied. Thermogravimetric (TGA) and subsequent differential scanning calorimeter (DSC) was used for the analysis. The effect of heating rate at 20 °C min?1 causes the increase of activation energy of the decomposition in the first-stage across all the blends (0.96 and 16.29 kJ mol?1). A similar phenomenon was seen when the heating rate was increased from 10 to 20°C min?1 in the second-stage of decomposition. Overall, based on this study on the synergistic effects during the process, it can be deduced that co-pyrolysis can be an effective waste for energy platform.
Introduction
Concern about the growing demand for energy, with emphasis on the developing economies, has prompted the urgent calls to implement renewable energy planning and advancement in reducing solid waste by utilizing it for energy production. The use of conventional energy sources is largely responsible for increasing CO 2 emissions in the atmosphere [1] . Thus, it is regarded as the underlying cause of greenhouse gas emissions and global warming. It was reported that the African energy-related CO 2 emissions are projected to increase by about 40% by the year 2030, with Nigeria contributing significantly to this growth [2] .
According to the Power Africa Fact Sheet in Nigeria, only 45% of the nation has access to the national power grid [3] . This electricity mix percentage is mostly generated using 80% natural gas and 20% hydropower [4] . Another electrification method is the use of diesel-powered generator sets (gen-sets). Self-generation of electricity became necessary to avoid blackouts, especially in the densely-populated northern region of Nigeria. Furthermore, it is estimated that demand for energy in Nigeria will grow by at least 500% by 2035. However, the current trajectory of the electricity supply The biomass-plastic (OPEFB and SWP) blends were prepared with different weight percentages (wt.%) of 20%, 40%, 50%, 60%, 80%, and 100%. However, for DSC analysis, the blends of 10, 20 and 30 wt.% of biomasses to plastic blends were used. The ratio of SWP to OPEFB was capped at maximum of 30% (w/w) to retain OPEFB as the major component of the sample based on results from TGA analysis of this work. To make certain of the blending homogeneity, samples were put through vortex shaker (IKA Vortex 3) for two minutes at 2500 rpm.
Elemental and Proximate Analysis
The ultimate/elemental analysis of the sample was performed using a CHNS/O analyzer (2400 model by PerkinElmer, Waltham, MA, USA), followed ASTM D5373-93 method. The volatile matter, fixed carbon and ash content of the sample (proximate analysis), however, were determined according to ASTM E 897-82 and ASTM D 1102-84 method. All experiments were conducted in triplicated and averaged values are reported in Table 1 . 
Thermal Analysis Using Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)
Pyrolysis of original and blend samples (~4 mg) was carried out in a programmable TG analyzer (DSC-TGA Q Series instrument and SDT Q600 thermal analyser, manufactured by TA Instrument, New Castle, DE, USA) from room temperature to 800 • C and at two heating rates (10 and 20 • C min −1 ). Isothermal DSC measurements can be successfully applied for information about the heat capacity as a function of temperature during phase transitions, autoxidation, thermal decomposition and adsorption of different kinds of fuels [20] . For DSC (DSC823 manufactured by Mettler Toledo) experiments, the samples were heated from 25 • C to 600 • C at a heating rate of 15 • C min −1 to measure the heat flow during pyrolysis. For all experiments (TGA/DSC), nitrogen was used as an inert carrier gas with a flow rate of 50 mL min −1 . The instrument continuously recorded TG and DTA data which were used to analyze its thermal characteristics and to calculate the kinetic parameters. All tests were performed in triplicates to ensure reproducibility.
Kinetic Reaction
Several models have been used in kinetic analysis [21] [22] [23] . The Coats-Redfern is one of the most widely-used approach to obtain the kinetic parameters of carbonaceous materials [24] . It is a model-fitting method to determine the activation energy, pre-exponential factor and reaction order from a single measurement of thermogravimetric [25] . In general, biomass pyrolysis can be characterized using an infinite number of reaction mechanisms, described by the n-order law: where k(T) is the reaction rate constant, α indicates the amount of conversion or the fractional weight loss (Equation (3)), and n is the reaction order.
where m i , m o and m f are the initial mass, the current mass at time 't' and the final mass of the sample respectively. Note that α value is always between 0 and 1. The reaction rate constant, k(T) is a function of temperature, T with a unit of K and can be expressed as (Equation (4)) based on Arrhenius relationship.
where A symbolizes the pre-exponential factor (min −1 ). On the other hand, E a indicates the activation energy of the decomposition reaction (kJ mol −1 ) and R is the universal gas constant (8.314 J mol −1 K −1 ). By substituting (Equation (1)) and (Equation (3)) into (Equation (4)), the kinetic equation for the sample decomposition is expressed as follow:
For the non-isothermal case (at constant heating rate, β), however, the above equation can be further modified to: dα dT
As β = dT dt (7) Hence, the final kinetic equation in non-isothermal TG experiments is:
According to Coats and Redfern method, Equation (8) was then rearranged, integrated and finally expressed as:
where ψ = AR βE a and the reaction is assumed to be first-order. By assuming 2RT [26] . Thus, Equation (9) can be further modified to:
By plotting this equation, the activation energy and the pre-exponential factor can then be determined.
Results and Discussion

Characteristic properties of OPEFB and SWP
In Table 1 , the proximate analysis shows that the volatile matter (OPEFB: 81.4%; SWP: 99.6%) and fixed carbon (OPEFB: 18.6%; SWP: 0%) yielded high-level reactivity and volatility benefits which were appropriate for production of liquid fuels [27] . Nonetheless, the values in this study differ slightly, i.e., [27] . This could be attributed to the erratic nature of biomass due to species of plant being used, the age of those plants, or the climate of the plantation. Interestingly, crop origin did slightly affect the (O) element property in biomass material that is in the scope of 40 wt.% to 44 wt.%. Additionally, the ash content was at 4.6%, which was more consistent with the results from [28, 29] . Therefore, this low value of ash is expected to have a positive effect on heating value since high-level ash quotas in biomass are known to lead to unfavorable yield conditions in terms of liquid by-product in fast pyrolysis [30] .
The pure samples (OPEFB: SWP) contained traces of Carbon (C), 54.4: 86.93%, Oxygen (O) 36.44: 1.39% and Hydrogen (H) 7.64: 16.54% respectively. The plastic material had higher C and lower O contents, and therefore lower O/C ratio. On the other hand, the OPEFB biomass had higher sulphur contents compared to the SWP plastics. The content of sulphur (0.48%) in OPEFB is slightly higher than in the SWP (0.12%) of plastic wastes. It has been reported that the typical amount of sulphur in oil palm empty fruit bunch biomass materials is in the range of <0.1 to 0.68% [27, 29] . Thus, the 0.48 wt.% value determined in this study is consistent, irrespective of the geographical location. The trace of sulphur in plastic could be because waste plastic contains some contamination, e.g., in the pigment used to impart color in the plastic material [31] . The initial weight loss that occurred during the drying stage from room temperature to about 120 • C is due to the removal of free and bound moisture content. SWP showed almost no mass loss in the drying stage as compared to OPEFB (which suffered about 7.1 wt.% mass loss in this region) [32] . The drying stage can also be detected from the presence of the first small peak in the DTG curves ( Figures 1B and 2B ). A similar phenomenon was also reported by Xu et al. in their work on pine sawdust with and without polyvinylidene [19] . wt.% value determined in this study is consistent, irrespective of the geographical location. The trace of sulphur in plastic could be because waste plastic contains some contamination, e.g., in the pigment used to impart color in the plastic material [31] . The initial weight loss that occurred during the drying stage from room temperature to about 120 °C is due to the removal of free and bound moisture content. SWP showed almost no mass loss in the drying stage as compared to OPEFB (which suffered about 7.1 wt.% mass loss in this region) [32] . The drying stage can also be detected from the presence of the first small peak in the DTG curves ( Figure 1B and 2B) . A similar phenomenon was also reported by Xu et al. in their work on pine sawdust with and without polyvinylidene [19] .
Thermal Characteristics
The pyrolysis stage follows immediately after the moisture was released in two stages; a) pyrolysis of light volatization between 120 and 220 °C. At this stage, the chemical structure of the polymer and biomass starts to depolymerize and soften though without any loss in mass [16] . The next significant weight loss occurred during b), the main pyrolysis in the temperature range between 220 °C and 500 °C due to the removal of heavy organic compounds. The pyrolysis of original OPEFB and SWP showed only one major peak in the central pyrolysis region. The total weight loss in this region for OPEFB and SWP was about 62 wt.% and 94 wt.%, respectively. Basically, during this stage, the biomass gets converted into volatiles which contain condensable and non-condensable gases. Original SWP plastic (100%) depicted a single peak at both heating rates (10 and 20 °C min -1 ) in this region, as evident in Figure 1A and 2A. The major weight loss (~ 94 wt.%) for SWP started at 456 °C (at 10 °C min -1 ) and 398 °C (at 20 °C min -1 ) and completed at 505 °C (at 10 °C min -1 ) and 497 °C (at 20 °C min -1 ). This thermal behavior of plastic was similar to that in previous studies [27, 33] . The thermal decomposition of plastic is vastly different among biomass materials due to different chemical bonds. The degradation mechanisms of polymers are due to the rapid primary hemolytic scission and intramolecular hydrogen transfer in macro-radical forming oligomers at low temperatures, i.e., around 300 °C [34] . This random scission and de-polymerization occur at intermediate temperatures of 500 °C, further b-scission, and intra-molecular hydrogen transfer to form ethylbenzene, toluene, and amethylstyrene at ~600 °C [34] . In theory, lignocellulosics such as oil palm empty fruit bunch is acknowledged to contain significant amounts of cellulose, hemicellulose and lignin [35] , and the devolatilization has been shown to primarily correspond to the degradation of the components occurring in this region of significant weight loss [36] . Within this temperature range, the devolatilization stages of OPEFB can be divided into the lower temperature stage between, 195 °C and 300 °C, representing hemicellulose decomposition, and the intermediate temperature stage, 270-370 °C representing cellulose decomposition. It was reported that the significant devolatilization of biomass is because of the thermal formation of more stable and stronger bonds which replace the weaker bonds in the biomass structure [37] . The findings of the present study are in agreement with those obtained by previous researchers [38, 39] .
Some interesting facts were revealed when the OPEFB biomass was blended with SWP at different weight percentage ratios. Obvious differences in the pyrolysis of the original OPEFB/SWP from blend were noticed in the central pyrolysis region. The blends showed two peaks, with the DTG The pyrolysis stage follows immediately after the moisture was released in two stages; (a) pyrolysis of light volatization between 120 and 220 • C. At this stage, the chemical structure of the polymer and biomass starts to depolymerize and soften though without any loss in mass [16] . The next significant weight loss occurred during (b), the main pyrolysis in the temperature range between 220 • C and 500 • C due to the removal of heavy organic compounds. The pyrolysis of original OPEFB and SWP showed only one major peak in the central pyrolysis region. The total weight loss in this region for OPEFB and SWP was about 62 wt.% and 94 wt.%, respectively. Basically, during this stage, the biomass gets converted into volatiles which contain condensable and non-condensable gases. Original SWP plastic (100%) depicted a single peak at both heating rates (10 and 20 • C min −1 ) in this region, as evident in Figures 1A and 2A . The major weight loss (~94 wt.%) for SWP started at 456 • C (at 10 • C min −1 ) and 398 • C (at 20 • C min −1 ) and completed at 505 • C (at 10 • C min −1 ) and 497 • C (at 20 • C min −1 ). This thermal behavior of plastic was similar to that in previous studies [27, 33] . The thermal decomposition of plastic is vastly different among biomass materials due to different chemical bonds. The degradation mechanisms of polymers are due to the rapid primary hemolytic scission and intra-molecular hydrogen transfer in macro-radical forming oligomers at low temperatures, i.e., around 300 • C [34] . This random scission and de-polymerization occur at intermediate temperatures of 500 • C, further b-scission, and intra-molecular hydrogen transfer to form ethylbenzene, toluene, and a-methylstyrene at~600 • C [34] . In theory, lignocellulosics such as oil palm empty fruit bunch is acknowledged to contain significant amounts of cellulose, hemicellulose and lignin [35] , and the devolatilization has been shown to primarily correspond to the degradation of the components occurring in this region of significant weight loss [36] . Within this temperature range, the devolatilization stages of OPEFB can be divided into the lower temperature stage between, 195 • C and 300 • C, representing hemicellulose decomposition, and the intermediate temperature stage, 270-370 • C representing cellulose decomposition. It was reported that the significant devolatilization of biomass is because of the thermal formation of more stable and stronger bonds which replace the weaker bonds in the biomass structure [37] . The findings of the present study are in agreement with those obtained by previous researchers [38, 39] .
Some interesting facts were revealed when the OPEFB biomass was blended with SWP at different weight percentage ratios. Obvious differences in the pyrolysis of the original OPEFB/SWP from blend were noticed in the central pyrolysis region. The blends showed two peaks, with the DTG peak height and positions depicting the reactivity of the materials [40] . For instance, with the increase in biomass weight percentage in the blend, the reactivity and the mass loss rate of blends decreased significantly, depicting some degree of interaction between the two samples. Thus, it seems that the decomposition of biomass is, to some extent, affected by the presence of plastic and vice versa. According to Fang et al., the pattern of the fractured surface characteristic of OPEFB may provide substantial information about the adhesion and interfacial compatibility between the OPEFB fiber and SWP during co-pyrolysis [41] . The fractured surfaces in OPEFB also implies the potential of the higher hygroscopic behavior of the material. Hence, simultaneous degradation may be observed during the co-pyrolysis process, and thus, might re-orientate the chemical and thermal features of the co-pyrolysis.
Furthermore, it is reported that plastic starts softening at around 365 • C, but does not decompose completely [32] . In this study, based on Figures 1A and 2A , it can be observed that there was a slight drop in the weight loss of the SWP, which indicated that within the heating range there was an effect on the heat and mass transfer process. The peaks in this stage might overlap due to the simultaneous devolatilization of both OPEFB and SWP materials, resulting in an amplified synergetic effect. Also, a gap exists between the 2 nd and 3 rd peaks of the DTG curves ( Figures 1B and 2B) , which is similar to the results obtained by Oyedun et al. [27] . Worthy of note in Figure 2B is the fact that the OPEFB (50) +SWP (50) blend and SWP (100) depicted tails in the second peak at temperatures beyond 500 • C. This feature is different to the pyrolysis under 10 • C min −1 shown in Figure 1B . This might be due to the uneven pyrolysis of the constituents. In many cases, this is difficult to avoid due to the preparation procedures of the samples. Table 2 displays the initial and final temperatures, peak temperatures and total mass loss in the main pyrolysis stage for biomasses and their blends. A shift in the pyrolysis range and peak temperature was observed due to biomass with SWP blending. A similar observation was reported in a previous work [42] , and can be attributed to the thermal resistance between the reacting and evolved species which occur at higher heating rates. The initial degradation temperature in Table 2 shows the minimum temperature where the feedstock starts to decompose, which is also important because it gives information about the minimum ignition temperature required to decompose the material. For instance, the initial degradation temperature of OPEFB was 225 • C, as reported by Abdullah and Gerhauser [28] . However, in the present study, it was about 216 • C, a slightly lower than the values reported by previous authors. This could be due to the difference in the analysis method such as particle size at 250-355 µm; furthermore, a 100 mL min −1 nitrogen flowrate was applied in the work of Abdullah and Gerhauser [28] . On the other hand, the initial degradation temperature for SWP was in close agreement with the study of Banat and Fares [43] . The last stage is called char or the carbonization stage, in which the carbon-rich residual is formed due to the relatively slow degradation of lignin. In this study, slow and steady weight loss could be observed at temperatures of around 500 • C. Typically, the degradation of lignin starts from the very wt.%) at 10 and 20 • C min −1 respectively. Among the blends, the char residues decreased in mass loss with increasing portions of OPEFB with OPEFB80+SWP20 showing the highest degradation rate. These variations further suggest a synergetic effect among the biomass and plastic mixtures in that the chemical components of the plastic are acting as catalyst [38, 45] . This gives new insights into the behavior of co-adding plastics in the co-pyrolysis of biomass which have not been widely discussed in previous studies. However, the effect of the heating rate on the char residues is less pronounced, except in the case of OPEFB50+SWP50 at 20 • C min −1 , which could be attributed to mixing errors.
TGA Kinetic Analysis
The kinetics parameters of OPEFB, SWP and blends co-pyrolysis were determined using Coat Redfern's (CR) Method. The activation energy, E a was estimated from the slope of -(E a /RT) by a linear fit of the experimental points. By substituting this value back into the CR Equation (Equation (10)) gives the pre-exponential factor. The peak temperature (T p ) of each reaction, as revealed in Figures 1 and 2 , is to be expected within a small range around the local maximum of mass loss rate. Listed in Table 3 are the calculated values for the kinetic parameters, including activation energy, E a , pre-exponential factor, A, and reaction rate constant at peak temperature, of all the samples at the applied heating rates of 10 and 20 • C. In all cases, the value of R 2 , (correlation coefficient) of the fitting straight line was above 0.90; this indicates that the corresponding non-isothermal model-fitting is in good agreement with the pyrolysis analysis and kinetics [46] . Furthermore, a comparison of the selected heating rates on pyrolysis of blends on solid-state kinetics data is presented. There is limited evidence in the literature of the effects of different heating rates on the kinetics of thermal decomposition to describe the devolatilization process in co-pyrolysis of biomass and plastics.
From Table 3 , the thermal decomposition of OPEFB and SWP can be described by a single step reaction, while their blends showed two consecutives first and second step reactions. In view of the results of the kinetic parameters of the isolated samples tabulated in Table 3 , it may be seen that a pure sample of SWP at varying heating rates (10 and 20 • C min −1 ) has the least conversion and slower reactive characteristics due to its higher (E a ) value of 346.93 and 234.36 kJ mol −1 . Nonetheless the pre-exponential factor which expresses the probability of colliding molecules resulting in a reaction revealed 2.95 × 10 23 min −1 and 9.13 × 10 15 min −1 respectively. It was also expected that higher heating rates reduce the complex energy required to decompose the polymer atoms. This confirms that plastics decompose at higher temperatures (480-486 • C). As to the isolated OPEFB sample the (E a ) values of 46.83 and 44.21 kJ mol −1 was revealed at 10 and 20 • C min −1 and decomposes at a much lower temperature range (227-334 • C), compared to isolated SWP. Thus, a similar trend could be deduced regarding the effect of heating rate on their activation energies. Nonetheless, the effect of the heating rate is more apparent in the degradation mechanism of solid-state reactions of the SWP. The kinetics parameters in Table 3 also show that the temperature and energy needed to decompose the blends is higher with a higher weight percentage of SWP or plastic. Meanwhile, Nyakuma examined decomposition of pelletized oil palm empty fruit bunch through thermogravimetric analyzer and calculated kinetic parameters in the range from 36.60 kJ mol −1 to 233.92 kJ mol −1 through Popescu method [47] . Also, the apparent (E a ) and (A) obtained with the CR method employed in this study were in accordance with different biomass as demonstrated by the E a values for oil palm empty fruit bunch, 50.37 kJ mol −1 [27] and those of other biomass species including almond and hazelnut shells (11.2-254.4 kJ mol −1 ) and (40.3-144.9 kJ mol −1 ) [48] . Similarly, in comparison with the polystyrene parameters reported in the literature, the activation energy obtained in this study at 10 and 20°C min −1 falls within the reported~213.78 kJ mol −1 [49] to 253.69 kJ mol −1 [50] . In the case of kinetic results of the blended mixtures generally as expected, the (E a ) manifested a significant increase alongside the corresponding (A) with an increasing percentage of SWP in blends. The experimental data shown in Table 3 revealed that the values obtained for (E a ) and (A) of the SWP/OPEFB blends are relatively different from those of the individual materials. This means that a synergetic effect is observed in the SWP/OPEFB blends that might have an overlapping degradation temperature, which creates the opportunity for free radicals from biomass pyrolysis to participate in reactions of plastic decomposition. For example, the activation energies of 80 and 60% composition of SWP were much higher than the value obtained from the pyrolysis of pure samples, and presented obvious changes with the increase of plastics weight percentage. However, the value of the activation energy and pre-exponential factor decreases when the weight percentage of SWP in the blend decreases. Similar results have been reported in previous studies [17, 33] ; however, interestingly, the addition of SWP in the OPEFB biomass revealed a negligible effect on the activation energy at the first reaction order of decomposition.
However, at the second stage, an appreciable increase in action energy was revealed. At higher compositions of SWP 80% E a was 40.08 kJ mol −1 and 240.26 kJ mol −1 at heating rate of 10 • C min −1 in the first and second stages, respectively. A similar trend was observed for the heating rate of 20 • C min −1 , where the activation energy of 60% SWP composition was 61.75 kJ mol −1 and 195.99 kJ mol −1 in the first and second stages, correspondingly. On the other hand, the kinetics parameters in Table 3 , remarkably show that less energy is required to decompose the blends (below 50%), depicting a favorable synergistic effect between lower mass percentages blends of SWP lowering the activation energy. This technically supports the discrepancy that in co-pyrolysis, the ratio of feed is the most significant variable in product yield and economics [16, 51] .
Overall, a higher heating rate (20 • C min −1 ) will lead to (average 10%) an increase in the activation energy of the decomposition in the first stage across all the blends in the range of 0.96 kJ mol −1 and 16.29 kJ mol −1 . Remarkably, varying the heating rate from 10 to 20 • C min −1 in the second stage of decomposition reaction shows, as in the previous case, an increase in activation energy, with one exception at OPEFB50:SWP50, while with a 50% SWP in blend, a higher heating rate of 20 • C min −1 favors a decline in the activation energy from 183.00 to 112.16 kJ mol −1 . This can be explained by the aforementioned phenomenon whereby the increase in the heating rate on isolated OPEFB and SWP result in decreasing activation energy. In this case, the homogeneous blend of equal samples followed the same reaction pathway correspondingly result in much lower activation energy. It can also be concluded that a significant difference can be seen in the distribution of the thermal and elemental composition.
It can also be concluded that significant differences can be seen in the distribution of the thermal and elemental composition. Furthermore, the SWP can be identified as low density polyethylene (LDPE) from the elemental composition and the pattern of thermal degradation [52] . The SWP presented a heat release rate curve typical for intermediately thin non-charring materials of LDPE family [53] . The burning time was very short, with a steady increase in heat release rate after ignition up to the peak heat release rate at the end of combustion. Furthermore, the heat release rate pattern showed hardly any shoulder, with the pyrolysis involving nearly all the LDPE material at once due to the complete melting of the polymer [54] , this interpretation was confirmed by visual observation of the thermogravimetric curves in Figures 1 and 2 .
DSC Analysis
Based on the findings from the TGA analysis, lower portions of SWP in blends do not lead to a significant increase in the energy required to decompose the co-pyrolysis system. Therefore, this section examines further the enthalpy of reaction at 15 • C of lower blends (10, 20 and 30 wt.%) of SWP. Differential scanning calorimetry (DSC) is widely employed to assess the heat evolution and spontaneous combustion of carbonaceous materials, due to its sensitive analyses at relative temperatures [55] . The DSC heat evolution curve stipulates quantitative data of the heat flow, enabling the kinetics analysis during thermal heating. There are several DSC based methods for the kinetic analysis including ASTM methods (Kissinger-Akahira-Sunose and Ozawa-Flynn-Wall) [25] and the Roger & Morris method [56] . The ASTM method relies on measuring the exothermic peak temperature at various heating rate, thereby resulting in the kinetics reflecting the main region of combustion. The profiles of the heat evolution rate of samples (OPEFB-100%, OPEFB-90%: SWP-10%, OPEFB-80%: SWP-20%, OPEFB-70%: SWP-30% and SWP-100%), thermally decomposed from 25 • C to 600 • C at a fixed heating rate of 15 • C/min, are illustrated in Figure 3 . The single heating rate DSC test at 15 • C min −1 is the best for the application of ASTM approach, which has the advantage of reducing the required time, compared other approaches [55] . DSC analysis of pure OPEFB and SWP samples registered four and two exotherms, respectively, while each of the blended samples registered three stages. The exothermic effect differs from one material to another depending on the chemical composition and decomposition behavior of the material. The maximum temperature of the exotherms in the first, second, third and fourth regions were seen at 87-122 • C, 240-251 • C, 339-340 • C, and 465-491 • C, respectively. The first region corresponds to moisture release region, and it was found between 42 • C and 131 • C for pure OPEFB sample and between 95 • C and 128 • C for pure SWP sample. The second thermal zone was determined to be between 147 • C and 292 • C for OPEFB and between 152 and 332 • C for sample comprising 70% OPEFB and 30% SWP blends. The third thermal zone was determined to be between 315 and 353 • C for pure OPEFB, 287 and 355 • C, 295 and 354 • C for OPEFB: SWP blended ratios 90:10 and 80:20, respectively. This reflects the heat evolution of the representative samples, in which similar pattern was indicated by the TG and DTG curves in Figures 1 and 2 . The melting of the various crystals led to several relatively broad, endothermic and exothermic peaks. The shape of the peak mirrors the size and weight distribution of the crystals and are among the characteristics of a material. The peak region marked on the experimental thermogram corresponds to the region of some physical or physicochemical processes and is dependent on internal factors, such as the structural nature of the material, quantity and thermal conductivity of the sample and external factors such as crucible shape and material, heating rate, the position of the thermocouples [57] .
between 152 and 332 °C for sample comprising 70% OPEFB and 30% SWP blends. The third thermal zone was determined to be between 315 and 353 °C for pure OPEFB, 287 and 355 °C, 295 and 354 °C for OPEFB: SWP blended ratios 90:10 and 80:20, respectively. This reflects the heat evolution of the representative samples, in which similar pattern was indicated by the TG and DTG curves in Figure  1 and 2. The melting of the various crystals led to several relatively broad, endothermic and exothermic peaks. The shape of the peak mirrors the size and weight distribution of the crystals and are among the characteristics of a material. The peak region marked on the experimental thermogram corresponds to the region of some physical or physicochemical processes and is dependent on internal factors, such as the structural nature of the material, quantity and thermal conductivity of the sample and external factors such as crucible shape and material, heating rate, the position of the thermocouples [57] . The enthalpy of a material has a direct correlation with the material's heating value, i.e., the ratio of the enthalpy of complete combustion to its mass [58] . It is an important thermal parameter in the reactor design and predicting efficiency of bioenergy applications. The temperatures and internal energies (enthalpy) corresponding to the beginning, maximum, and the end of the exothermic The enthalpy of a material has a direct correlation with the material's heating value, i.e., the ratio of the enthalpy of complete combustion to its mass [58] . It is an important thermal parameter in the reactor design and predicting efficiency of bioenergy applications. The temperatures and internal energies (enthalpy) corresponding to the beginning, maximum, and the end of the exothermic reactions are summarized in Table 4 . The energy of a phase transition was calculated directly from the thermogram of the investigated material from the experimental function according to the kinetics. Table 4 displays the heat released (J g −1 ) through the reaction progress; it is not surprising that with increasing the SWP ratios, a shift towards lower H values was observed during the first stage decomposition. Also, isolated SWP sample exhibited lower values of heat released (117.39 J g −1 ) as compared to the OPEFB (147.69 J g −1 ) at the first stage of decomposition. It is no surprise that a high amount of heat was recorded during this stage. For the combustion reaction to proceed, energy is needed to overcome the tightly bonded cellulose and hemicellulose to lignin. The results were in agreement to some extent with previous studies [27, 59] . Then, the (H) value for isolated OPEFB declined through the four decomposition stages to 18 J g −1 . Typically, it is expected for the (E a ) and (H) energies to progressively decrease due to the biomass composition mechanism as each of the components can decompose by parallel exothermic processes. Meanwhile, there was a significant further increase in the (H) of isolated SWP from 117.39 to 1030.19 J g −1 in its first and forth stages of decomposition, which is generally attributed to β-scissors reaction and in agreement with the TG studies. The net enthalpy of pyrolysis for the blended samples studied in this work were 398.18 J g −1 (OPEFB, 90: SWP 10); 365.32 J g −1 (OPEFB, 80: SWP, 20); 317.91 J g −1 (OPEFB, 70: SWP, 30). This can clearly be seen to be higher than that of pure biomass (276.82 J g −1 ) and much lower than for pure SWP plastic (1147.58 J g −1 ). The reason for this was that the heat flow of the blended samples at the final stage of decomposition were zero, which would indicate that no degradation reactions had taken place. However, through a comparison of the devolatization stage with the findings of TGA results, it could be observed that enthalpy (40.72) for OPEFB100% was similar to those of TGA. But a significant gap was observed for the case of SWP100%. Nonetheless, blends showed proof of a synergistic effect, and support the TGA findings in which a lower percentage weight of SWP in the co-pyrolysis mixture does not significantly boost energy required for the decomposition in both of the first stages of delovatization (84.42 J g −1 for OPEFB90:SWP10, 59.83 J g −1 for OPEFB80:SWP20, and 88.97 J g −1 for OPEFB70:SWP30) and second stage decomposition (158.21 J g −1 for OPEFB90:SWP10, 161.04 J g −1 for OPEFB80:SWP20, and 145.4 J g −1 for OPEFB70:SWP30). 
Conclusions
This study examined the thermal decomposition behavior and kinetics of Nigerian native oil palm empty fruit bunch, sachet-water plastic wastes and their blends under non-isothermal inert conditions at different heating rates. The findings show that the co-pyrolysis of OPEFB biomass and SWP plastic mixture exhibits a diverse pyrolysis reactivities at different temperatures. The co-pyrolysis of OPEFB and SWP clearly showed synergic effects due to the difference in thermal behavior and kinetics parameters. In short, the results show that co-pyrolysis can be an effective method to dispose of wastes (biomass and sachet water, SWP) and convert them into useful energy. The experimental data obtained with a model-free method would be helpful in the design and development of energy systems for sustainable waste utilization for energy. Funding: This work was funded by TNB Seed Fund (code: U-TR-RD- . A note of appreciation to iRMC UNITEN for the financial support through publication fund BOLD 2025 (RJO10436494).
